Abstract-Determining the amount, chemical form, physical shape, and multiplication of the fissile material in an unknown assembly is a challenging problem that is of great importance in a number of national security contexts. The discrimination of plutonium in metal versus oxide form in special nuclear materials is crucial and yet remains a challenge for current methods. It has previously been shown that the α-ratio for un-moderated plutonium oxides can be rapidly determined by comparing the fast neutron spectrum measured with a liquid scintillator with pure fission and (α,n) neutron spectra measured with the same liquid scintillator. In this paper we show that the chemical form can be obtained for moderated nuclear materials using fast neutron detection systems. We describe a new method to distinguish moderated plutonium metal from oxide using liquid scintillators, neutron spectroscopy and neutron correlations.
NOMENCLATURE

M
= multiplication of the object. A = α-ratio, the ratio of neutrons emitted by sources emitting single neutrons to neutrons emitted by sources emitting multiple neutrons simultaneously. C n & C = probability that a fission emits n neutrons in induced fission & induced fission multiplicity distribution C s n & C s = probability that a fission emits n neutrons in spontaneous fission & spontaneous fission multiplicity distribution. ν = average number of neutrons emitted per neutron-induced fission.ν = = probability to get n counts in a random time gate of width t. Y 2F (t) = the excess over unity of the variance to mean ratio of b n (t), or physically speaking the correlated pairs relative to the counts, sometimes referred to as the Feynman correlated moment. Y 3F (t) = the skewness to mean ratio of b n (t), or physically speaking the correlated triples relative to the counts. R 2F = asymptote of Y 2F (t) R 3F = asymptote of Y 3F (t). r = ratio of the detection probabilities of (α,n) neutrons to fission neutrons: α . It is an intrinsic property of the scintillator spectral response. ρ = ∼ Ar 1+(M−1)(1+A) . I ADC = integral of the ADC counts recorded by the PMT pulse digitizer. LO = light output of the PMT coupled to the scintillator in units of keVee. a = calibration coefficient to convert integral of ADC counts into light output.
I. INTRODUCTION
T HE discrimination of plutonium in metal versus oxide form is of interest in nonproliferation, safeguards, and treaty verification applications. In the past decade, it has been shown that neutron pulse height distributions measured with liquid organic [1] and plastic [2] scintillators can be used to characterize nuclear materials of various forms.
In 1986, Cifarelli and Hage [3] showed that if the fast neutron multiplications for fission and (α,n) neutrons are assumed to be the same then the ratio of asymptotic values of the Feynman two-neutron and three-neutron correlation functions Y 2F (t) and Y 3F (t) will be given by:
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where A is the usual parameter specifying the strength of (α,n) neutron emission relative to the rate of neutron emission due to spontaneous fission, r is the ratio of detector efficiencies for fission and (α,n) neutrons, M is the fast neutron multiplication, and the nuclear data parameters D n /D ns are defined in the nomenclature. If r and A are known, then (1) allows one to determine M from observed value of R 3F /R 2 2F by solving a cubic equation. If A is not known, then additional information is needed to determine the multiplication. We have previously shown [10] that the numerator in (1) can be directly evaluated from the shape of the fast neutron spectrum. In particular fitting the fast neutron spectrum to a sum of fission and (α,n) neutron spectra yields two coefficients whose ratio ρ allows one to express the quantity in brackets in the form
Substituting this expression into (1) leads to a quadratic equation for A that is readily solved if ρ and r are known.
In our previous paper [10] we showed that this method works in fact quite well for simultaneously determining A and M for samples of unmoderated PuO 2 . For example, we found that for a bare 6" diameter PuO 2 ball M =1.63 and the count rate exceeds that expected when A=0 by a factor 2.07, in good agreement with Monte Carlo predictions. Whereas we had shown that the spectral differences could be exploited to distinguish unmoderated Pu metal from PuO 2 and to determine their α-ratio, the possible application of this method to moderated systems remained to be determined.
In this paper we present a new method to distinguish Pu metal from Pu oxide. By the trick of using only the spectra of correlated neutrons, we can determine what the pure fission spectrum in a liquid scintillator would be. It can be observed that the spectrum for the correlated peak differs significantly from the fast neutron spectrum for the uncorrelated neutrons because the spectrum for the uncorrelated neutrons includes (α,n) neutrons. This difference is largely due to the fact that the (α,n) neutron spectrum falls off faster with energy for neutron energies above a few MeV. In this paper we will show that the effect is still visible when the sample is moderated. Figure 1 shows the geometrical configuration of the detectors, which are composed cylindrical cells 4 diameter by 3 deep filled with EJ-309 [5] scintillating material. The cavity is approximately cylindrical (60 cm diameter, 50 cm height). Data is acquired using a VME-based pulse digitizer for pulse shape discrimination (PSD) and list mode data acquisition. The counter uses Struck SIS3320 fast ADC digitizers with 250 MHz sampling rate and a 12-bit dynamic range. The digitizers have an input voltage range of ± 1V. The digitizers allow nanosecond timing of time-stamped physics events and allow the streaming of processed and compressed PSD information to reduce the overall data burden.
II. DETECTOR CHARACTERIZATION
The liquid scintillators were calibrated in energy using a 137 Cs source placed in the middle of the array of detectors. To reconstruct the spectra of scintillation light produced by the photons in the scintillators from the integral of the ADC counts I ADC recorded by the PMT pulse digitizer, the following linear expression was used
where a is a coefficient that depends on the scintillator/PMT assembly and is in units of keVee/(integral of ADC counts). Given the energy of the gamma ray emitted by the 137 Cs, the spectra exhibited a Compton edge at 477 keV. This edge was detected by an algorithm described in Ref. [6] . Fig. 2 shows the measured scintillation light spectrum for all scintillators for the 137 Cs source. It was shown in Ref. [6] that the detector responses were indeed linear. The neutrons are discriminated from the photons using PSD as described in Ref. [7] . computed by the PSD algorithm for different detection events, as a function of the electron-equivalent energy deposited by the event. We can clearly distinguish two bands: the upper one filled with neutrons and the lower one with photons. For electron-equivalent energies greater than 1 MeVee, the two bands do not overlap significantly, leading to good discrimination. Below 1 MeVee, discrimination slowly worsens, it becomes more difficult to distinguish neutrons from photons. The magenta outline in this plot defines a region where events are most likely neutrons, and will be tagged as such by the data acquisition system, whereas the black outline defines a region within which events are most likely photons. The two outlines extend down to 100 keVee, below which PSD was not attempted. 2 The 252 Cf source emitted so few neutrons above 7 MeVee that it was difficult to define regions of positive neutron identification with great confidence above that energy. Events lying outside of these two bands are treated as particles of unknown type. The region of positive photon identification slowly curves up above 8 MeVee. This effect is attributed to saturation effects in the electronics. Indeed, large enough pulses run into the dynamic range limit of the digitizers. This causes either the PMTs to saturate or the tops of the digitized pulses to be flattened or chopped off and the corresponding charge does not get integrated. For these high energies, the detector response loses its linearity. This is not critical for our experiment, because we only consider electron-equivalent energies below 7 MeVee. Four of the thirty-two available scintillators did not have sufficiently good PSD characteristics due to incorrect PMT bias voltages. They were turned off in the analysis.
The misidentification rates for this array of liquid scintillators were computed in Ref. [7] . The number of events misidentified as neutrons is of the order of 20 ± 4 per million events for a 100 keVee energy threshold, 13 ± 4 ppm for 200 keVee, 11 ± 3 ppm for 300 keVee, 9 ± 3 ppm for 400 keVee, and 7 ± 3 ppm for 500 keVee. The number of events misidentified as photons was not estimated, because it is of little relevance for the experiment. It is essential that the liquid scintillators be synchronized with each other to calculate 2 The PMT biases were optimized to get good PSD for high energy neutrons, the focus was not on the low energy neutrons.
time intervals between neutron detections precisely. The liquid scintillators were synchronized using a method described in Ref. [8] to obtain sub-nanosecond timing resolution.
III. METHODOLOGY
Plutonium decays spontaneously through different channels: fission, α-decay, etc. In time, the decay process is random. If a plutonium object is multiplying, each spontaneous fission will typically generate a fission chain. Compared to the time between spontaneous fissions, the time scale over which fission chains produce neutrons is short (hundreds of nanoseconds) for unmoderated plutonium. As a result, the temporal signature of fission chains for such plutonium is a sequence of neutron bursts separated in time. For moderated plutonium, chains spread over tens of microseconds, because moderation causes some thermalized neutrons to restart chains. However, each individual fission and even sequences of fast fissions still produce small bursts of neutrons. An important difference between Pu metal and Pu oxide is that the α particles produced by the α-decay chain of Pu carry enough energy to cause 18 O to emit a neutron via an (α,n) reaction. Although the average energy of the neutron of this (α,n) reaction is 1.9 MeV, close to the average for fast fission, the energy distributions are different. Exploiting these spectral differences was key to the success of the method in Ref. [10] to distinguish unmoderated Pu metal from PuO 2 and to determine the α-ratio of PuO 2 .
In the case of PuO 2 , neutron emission will be due to both (α,n) reactions and spontaneous fissions. Whereas neutrons from fission are produced in bursts, (α,n) neutrons are emitted one at a time. This difference in the way fission neutrons and (α,n) neutrons are correlated and uncorrelated in time is key to the new method proposed in this paper to distinguish Pu metal from PuO 2 .
An object is placed in the center of the array of scintillators show in Fig. 1 . Each one of the scintillators records times of arrival of detected neutrons. The multiple data streams for the individual detectors are merged into a single data stream. Fig. 4 shows the distribution of time intervals between consecutive neutron detections in the merged data stream. When neutrons originating from the same fission reaction are detected, the time intervals between them will be short, at the most tens of nanoseconds. These time intervals will contribute to the leftmost peak highlighted in red. Neutron time of flights will not stretch these time intervals significantly. Indeed, because of PSD limitations mentioned in Sec. II, we set the liquid scintillator thresholds 3 to 100 keVee, so that neutrons with kinetic energies below approximately 0.8 MeV 4 3 Liquid scintillators can detect low-energy neutrons, but PSD techniques fall short of being able to discriminate neutrons from photons for low energy neutrons. 4 For this calculation, we used the light output function LO(E p ) = 0.817E p − 2.63(1 − e −0.297E p ) in Ref. [9] . The non-linear light output function strongly depends on the geometry of the scintillators, the PMT settings and the method to integrate the charge under the pulses. The light output function listed here is for a scintillator whose geometry is close to the ones used in this paper. Over the energy range 0.1 to 7 MeVee, we estimate that the light output function for our scintillators should be within 5 to 10% of the one above. Since we are not directly interested in precise scintillation light output measurements, but rather in comparing scintillation light output spectra, using an approximate light output function is not an issue. Fig. 4 . Distribution of time intervals between consecutive neutron detections. Unmoderated PuO 2 objects in metal canister. 1/2" lead to shield detectors from gamma rays. One hour long measurement. Average system-wide neutron count rate = 1136 n/s with a threshold of 100 keVee. go undetected. The maximum possible time interval stretch due to time of flight for a 30 cm travel distance should thus be approximately 24 ns. Groups of neutrons originating from individual fission chains, and that have not been spread in time by neutron thermalization, will also contribute to the leftmost peak. Neutrons originating from an (α,n) reaction will either induce a fission and disappear from the detectable neutron population, or be available for detection. In the latter case, it is very unlikely that they would be detected within 100 nanoseconds of another neutron, because such occurrences are rare 5 for an overall count rate of 1136 n/s. Thus, (α,n) neutrons will most likely contribute to the rightmost peak highlighted in blue in Fig. 4 . Contributions to the rightmost peak will also include neutrons from spontaneous or neutron induced fissions, which have been detected alone and are thus not correlated to other neutrons. Neutron crosstalk will contribute to the leftmost peak. Indeed, in neutron crosstalk, a single neutron is recorded in two adjacent detectors within a short time interval 6 . The origin (and thus energy) of these neutrons is an indiscriminate mix of fissions or (α,n) reactions. The extent to which their contribution is important will be evaluated in Sec. IV-C. One should note that whether neutrons within that mix are detected once or twice, the energy they deposit in their first interaction in the scintillator will likely follow the same distribution.
It is crucial to generate the time interval distribution plot to determine the location of the boundary between the correlated and uncorrelated regions. 140 nanoseconds was appropriate for the unmoderated PuO 2 object.
The next step consists in segregating the neutrons into the correlated ones and the uncorrelated ones. Comparing then the neutron energy spectra of these two populations, one can see if neutrons from fission (the correlated peak) has the same energy spectrum as the neutrons in the uncorrelated peak. Differences in spectra are an indicator that one reaction (fission in our case) in the system produces neutrons correlated in time, whereas another neutron-producing reaction ((α,n) in our case) in the system produces neutrons that are uncorrelated in time. When 5 One could infer the probability of such occurrences by extrapolating the right most peak of Fig. 4 to the region of short time intervals. 6 This time interval corresponds to the neutron time of flight between these detectors. producing the neutron energy spectra, one should point out that we could have chosen both the neutrons at the beginning and at the end of the time interval. We chose the neutrons at the beginning of the time intervals. The neutrons at the end would likely be of lower energy.
IV. MEASUREMENTS
For all the measurements presented in this section, the sources were inside a heavy duty metal canister. Half inch thick sheets of lead covered the face of the scintillators to shield them from gamma rays. The energy thresholds on the liquid scintillators were set to 100 keVee. The same thresholds were used to determine the neutron count rates in the figure captions.
A. PuO 2
A PuO 2 object containing 380 g of Pu 7 was measured for 1 hour. Fig. 4 shows the distribution of time intervals between neutron detections. Collecting correlated neutrons on one side and uncorrelated neutrons on the other side, we constructed the neutron spectra shown in Fig. 5 . The discrete step at 200 keVee is not physical. It is an artifact of the PSD characterization. Indeed, let us observe Fig. 3 . In the first energy bin (100-200 kVee), the magenta region of positive neutron identification is shifted upwards relative to the second energy bin (200-300 keVee). This is because the neutron and gamma bands start to significantly overlap below 200 keVee, and to avoid falsely identifying a gamma as a neutron, the neutron region has to move up. As a result, a significant number of neutron candidates fall out of the neutron region, leading to an artificially low neutron detection efficiency 8 . 7 The composition of the plutonium was approximately 94% 239 Pu and 6% 240 Pu by weight. 8 By increasing the voltage biases on the PMTs, we could maintain a constant neutron detection efficiency all the way down to 100 keVee and even below. However, since we are mostly interested in the high-energy tail of the (α,n) and fission neutron spectra, we decided to apply low voltage biases on the PMTs to obtain the best possible PSD up to 7 MeVee. The spectral differences indicate the presence of an (α,n) source: the 18 O emitting a neutron via the (α,n) reaction. The measured correlated energy spectrum is harder, which is consistent with Figs. 2 and 3b of Ref. [10] . Fig. 2 of the same paper shows that the fission neutron spectra for both spontaneous fission in 240 Pu and induced fission in 239 Pu are very similar. Thus, for the red curve in Fig. 5 , we do not expect any spectral differences related to the origin of the fission neutrons -whether spontaneous or neutron-induced -in the measurement.
To demonstrate that the spectral differences persist through polyethylene shielding, the same object was measured, but two and four inches of polyethylene were added between the metal canister and the lead sheets. Figs. 6 and 7 show the spectra with the additional neutron moderator. The same spectral differences are preserved through the two and four inches of polyethylene. Remarkably, the proposed method to distinguish Pu metal from Pu oxide still works in the presence of moderator. 
B. Californium
Next we measured 252 Cf, a pure spontaneous fission source, to check whether the neutron spectra corresponding to the correlated and uncorrelated peaks are alike, as they should be because there is no (α,n) source in this case. The detection system was in the same configuration as for the PuO 2 object. Figs. 8 through 10 show the energy spectra for the bare 252 Cf source and two and four inches of polyethylene sheets between the metal canister and the lead sheet, respectively. In all three cases, the spectra for the correlated and uncorrelated peaks remain statistically identical.
C. Effect of Neutron Crosstalk
As pointed out in Sec. III, the correlated peak spectrum includes neutron crosstalk. For the reconstruction of the mass of the measured 252 Cf source, we could determine neutron double scattering fractions of 0.8% (unmoderated), 1.1% (2 polyethylene) and 1.4% (4 polyethylene), using Eqs.(26) of Ref. [10] . This gradual increase in scattering fractions is due to the hardening of the neutron spectrum with polyethylene thickness. Indeed, the more energy a neutron carries, the more likely it will be detected by multiple detectors.
To study the effect of neutron crosstalk, we disabled 20 detectors, keeping a subset of 8 detectors out of the 28 detectors shown in Fig. 1 . For each tower, we picked the two scintillators that are furthest apart, one at the bottom and one at the top on the opposite side. This configuration is effective at reducing neutron crosstalk. Indeed, the scintillators are now far apart from each other and the inactive hydrogenous scintillators in between act as a thick neutron moderator between the active detectors. With these 8 detectors, the reconstruction of the mass of the measured 252 Cf was achieved without neutron crosstalk correction, implying that neutron crosstalk was no longer significant. For this subset of 8 detectors, we obtained the same correlated and uncorrelated spectra as the ones shown in Fig. 8 for the full 28 detector array, within statistical fluctuations. This is in agreement with the fact that whether spontaneous fission neutrons are detected once or twice, the energy they deposit in their first interaction in the scintillator is likely to follow the same distribution.
The same experiment with the 8 detectors was repeated for the PuO 2 object. The uncorrelated spectrum was identical to the one shown in Fig. 5 , but the correlated spectrum was slightly different, pointing to the absence of correlated (α,n) neutrons. The conclusion of this study is that (a) crosstalk is a very significant source of contamination for the correlated neutrons in the case of the full 28 detector array, its effect on the distribution of scintillation light is (b) insignificant for the uncorrelated spectrum but (c) noticeable for the correlated spectra.
D. Onto the α-Ratio of Moderated Actinide Metals and Oxides
Figs. 11 and 12 show the scintillation light outputs for the 252 Cf and PuO 2 objects, respectively, for different thicknesses of polyethylene. We can observe in both cases that the correlated neutron spectrum hardens with polyethylene thickness. Thanks to this mapping between spectrum and polyethylene thickness, we should be able to determine the thickness of polyethylene around an object just by measuring the proton recoil energy spectrum for the correlated counts. Once this thickness is known, a technique similar to the one described in Ref. [10] could be applied to determine the α-ratio of the object. We would want the correlated neutron spectrum to be due as exclusively as possible to fission neutrons. To avoid contamination of that correlated neutron spectrum by (α,n) neutrons cross-talking, proper care should be taken so as to minimize crosstalk via detector spacing and shielding.
E. Discussion on (α,n) Sources
For pure (α,n) sources such as AmBe, the time interval distribution shown in Fig. 4 would not have two large peaks, but a prominent uncorrelated right peak, with a smaller correlated left peak solely due to neutron crosstalk. Whereas we do not have the data to substantiate it, we foresee the two peaks would have the same light output distribution. PuBe source would be different because 240 Pu produces correlated spontaneous fission neutrons with a fission spectrum as opposed to a (α,n) neutron spectrum.
V. CONCLUSION
It has previously been shown in Ref. [10] that the α-ratio for un-moderated plutonium oxides can be rapidly determined by comparing the fast neutron spectrum measured with a liquid scintillator with pure fission and (α,n) neutron spectra measured with the same liquid scintillator. In this paper we describe a new method to distinguish plutonium metal from plutonium oxide. It uses spectral information and neutron correlations recorded by liquid scintillators. By comparing the spectrum of scintillation light of correlated neutrons to the one of uncorrelated neutrons, we observed spectral differences attributed to fission neutrons on one side and to a mix of (α,n) and fission neutrons on the other. These differences were only visible for the plutonium oxide case, and not for the 252 Cf sample which does not produce (α,n) neutrons. Neutron crosstalk will contaminate the correlated neutron spectrum, but it can be mitigated by spacing the detectors with thick polyethylene sheets. Also, this method applies not only to unmoderated objects but also to moderated ones. It remains yet to be shown whether the α-ratio can be determined for moderated objects.
This new method to distinguish plutonium in metal form from plutonium in oxide form will be of interest to the nonproliferation, safeguards, and treaty verification communities.
